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Constraining the photon flux in two-photon processes at the LHC
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Universidade Federal de Pelotas
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In this paper we propose the study of the W+W− and µ+µ− production by two-photon interac-
tions in pp collisions at LHC energies to constrain the photon flux associated to an ultrarelativistic
proton. We consider the current parametrizations for the photon distribution of the proton and
estimate the effective photon - photon luminosities for elastic, semielastic and inelastic processes.
Moreover, we present predictions for the rapidity and invariant mass distributions for the two-
photon production of W+W− and µ+µ− in γγ interactions at LHC energies. We demonstrate that
the semielastic and inelastic predictions are strongly dependent on the description of the inelastic
photon flux, and that the relative contribution of the different processes depends on the invariant
mass of the final state. Our results implies that a dedicated experimental analysis of the two-photon
production of W+W− and µ+µ− with the tagging of one of the protons in the final state can be
useful to constrain the magnitude of the inelastic component of the photon distribution.
PACS numbers: xxx
I. INTRODUCTION
Ultrarelativistic charged hadrons (protons or nuclei)
give rise to strong electromagnetic fields. Consequently,
in hadronic collisions at the LHC, the photon stemming
from the electromagnetic field of one of the two collid-
ing hadrons can interact with one photon of the other
hadron or can interact directly with the other hadron [1].
The study of these photon - photon and photon - hadron
interactions offers a unique opportunity to study fun-
damental aspects of Quantum Electrodynamics (QED)
and Quantum Chromodynamics (QCD). In particular,
the two-photon particle production have been extensively
discussed in literature (For reviews see, e.g., Refs. [2–
6]), with a recent revival of interest due to the experi-
mental results on the exclusive two-photon production of
W+W− and ℓ+ℓ− pairs by γγ interactions reported by
the CMS Collaboration [7–9]. The observation of these
processes demonstrated the feasibility of measuring such
events within the current experimental apparatus avail-
able at the LHC, allowing novel studies of QCD at very
high energies and searches for Beyond Standard Model
Physics (See, e.g., Ref. [10]).
The basic ingredient in the analysis of the photon - in-
duced processes is the description of the equivalent pho-
ton distribution of the hadron, given by γ(x, µ2), where
x is the fraction of the hadron energy carried by the pho-
ton and µ has to be identified with a momentum scale
of the process. The equivalent photon approximation of
a charged pointlike fermion was formulated many years
ago by Fermi [11] and developed by Williams [12] and
Weizsacker [13]. In contrast, the calculation of the pho-
ton distribution of the hadrons still is a subject of debate,
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due to the fact that they are not pointlike particles. In
this case it is necessary to distinguish between the elas-
tic and inelastic components. The elastic component,
γel, can be estimated analysing the transition h → γh
taking into account the effects of the hadronic form fac-
tors, with the hadron remaining intact in the final state
[2, 14]. In contrast, the inelastic contribution, γinel, is
associated to the transition h → γX , with X 6= h, and
can be estimated taking into account the partonic struc-
ture of the hadrons, which can be a source of photons
(See, e.g. Refs. [2, 15–21]).
In a recent paper [22] we have proposed, for the first
time, the study of the diffractive quarkonium photopro-
duction in pp collisions at LHC energies as a probe of
the photon distribution of the proton. Our results indi-
cated that, for the models considered, the contribution
of the inelastic processes is of the same order or larger
than the elastic one, with the predictions for the rapidity
distributions being largely different, which makes the ex-
perimental discrimination feasible, with the detection of
the two protons into the final state being indispensable to
separate the inelastic and elastic events. Our goal in this
paper is to extend our previous analysis for the W+W−
and µ+µ− production by two-photon interactions in pp
collisions at LHC energies (For related studies see Refs.
[23, 24]). Our study is strongly motivated by the re-
cent results reported by the CMS Collaboration, which
shows that the experimental technique currently applied
allows the measurement of the two-photon production of
pairs with large invariant mass in a scenario with non-
negligible pileup [9], and by the perspective of setup of
forward detectors by the CMS and TOTEM Collabora-
tions [25, 26], which will enhance the kinematic coverage
for such investigations, bringing more data to elucidate
the proper model for the photon. It is important to em-
phasize that the uncertainty present on the current mea-
surements is an important aspect regarding the observa-
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FIG. 1. Two-photon particle production in elastic (left), semielastic (center) and inelastic (right) processes.
tion of rare processes that have not been measured in lab-
oratory, like the exclusive production of photon pairs in
pp, pPb and PbPb collisions, with predictions presented
for the first time in Ref. [27]. Then, the study of the
different approaches for the photon flux is important to
provide accurate predictions to be compared with data.
In this sense, the purpose of this paper is to investigate
the available approaches for the two-photon processes in
pp collisions and to determine the regions of the phase
space that allow the discrimination among these possible
models.
This paper is organized as follows. In the next Sec-
tion we present a brief review of the formalism for the
two-photon particle production and discuss the different
models for the photon flux. In Section III, we present our
results for the effective photon - photon luminosities and
for the two-photon W+W− and µ+µ− differential cross
sections. Finally, in Section IV we summarize our main
conclusions.
II. TWO-PHOTON PARTICLE PRODUCTION
Following Ref. [28] we will write the cross sections for
the γγ production of a final state F (=W+W− or µ+µ−)
of invariant mass M =Wγγ in a factorized form:
σ = Leff (M2, Y )σˆ(M2) (1)
where σˆ is the cross section for the hard subprocess
γγ → F and Leff is the effective photon - photon lu-
minosity for the production of the system F at rapidity
Y . The effective luminosity is given in terms of the pho-
ton distribution of the incident hadrons as follows
∂Leff
∂Y ∂ lnM2
= x1γ(x1, µ
2) · x2γ(x2, µ2) . (2)
The photon distribution of a nucleon consist of two
parts: the elastic and inelastic components. In the elastic
case, we have the coherent emission of photons from the
hadron, without the dissociation of the incident hadron.
In contrast, in the inelastic case the photons are emit-
ted by the quarks and antiquarks present in the hadrons,
and the incident hadron is excited in a low-mass state.
Consequently, we can define three different classes of γγ
events: (a) the elastic processes, where the final state
F is produced with the two incident hadrons remain-
ing intact, and the effective luminosity is proportional
to x1γ
el(x1, µ
2) · x2γel(x2, µ2); (b) the semielastic pro-
cesses, where one of the incident hadrons remain intact
and the other dissociates, with Leff ∝ [x1γel(x1, µ2) ·
x2γ
inel(x2, µ
2) + x1γ
inel(x1, µ
2) · x2γel(x2, µ2)] and (c)
inelastic processes, where the two incident hadrons disso-
ciates and Leff ∝ x1γinel(x1, µ2) ·x2γinel(x2, µ2). These
three classes are represented in Fig. 1. In all these pro-
cesses, the final state will be characterized by the pres-
ence of the state F and two rapidity gaps, with the
hadrons or the low-mass hadron beam fragments trav-
eling in the beam direction (For related studies see, e.g.
Ref. [29]).
In principle, these different processes can be separated
by the tagging of the two very forward scattered hadrons
and by the requirement of the presence of large rapidi-
ties gaps in the central detector. Unfortunately, forward
detectors were not available during Run I of the LHC,
and the next run starting in 2015 is going to produce
a sizable pile-up obliterating the observation of rapidity
gaps. Therefore, experimental separation of those con-
tributions is a hard task and demands better knowledge
of final-state kinematics in an observed event. In Run
I, the CMS Collaboration have separated the signal of
two-photon production of pairs (W+W− and µ+µ−) by
selecting lepton tracks from the information recorded in
the tracking system, which can be used to analyze exclu-
sive events even in a scenario with large number of inter-
action per bunch crossing (high pileup). Offline, events
have been selected with no additional tracks associated
to the ℓ+ℓ− vertex. Since both elastic and non-elastic
processes contribute in this case, we have higher photon
luminosities, although larger uncertainties in the theoret-
ical predictions, due to the lesser theoretically controlled
inelastic photon flux (see below). Currently, there is a
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FIG. 2. (Color online) Comparison between the different models for the inelastic photon distribution for two different values
of the hard scale µ2 = Q2. The elastic component is presented for comparison.
great expectation due to the installation of the CMS-
TOTEM Precision Proton Spectrometer (CT-PPS) [26],
which will be setup in a first stage in one of the CMS
sides at about 200 metres from the interaction point.
Certainly, this new detector will improve the analysis of
exclusive processes and allow us to access a variety of
physics topics at high luminosities. However, a precise
determination of the semielastic contribution will be still
fundamental before the search of New Physics in two-
photon processes.
We have that the effective luminosities are directly re-
lated to the elastic and inelastic photon distributions. In
order to compare our results for the elastic effective lu-
minosities with those presented in Ref. [28], in what fol-
lows we will assume that the elastic photon distribution
is given by approximated expression
γel(x) =
αem
π
1
x
∫
κ2
min
dκ2
κ2 − κ2min
κ4
|F (κ2)|2 , (3)
where κ2 is the momentum transfer from the projectile,
which has a form factor F (κ2), κ2min = (xmN )
2 and mN
is the nucleon mass. A comparison between the different
models for the elastic photon distribution is presented in
Ref. [30]. In the last years, the inelastic photon distribu-
tion of a nucleon has been derived considering different
assumptions. In Ref. [16], a naive approach to the pho-
ton flux has been proposed, with the photon distribution
in the proton given by a convolution of the distribution
of quarks in the proton and the distribution of photons
in the quarks as follows
γinel(x, µ2) =
∑
q
∫ 1
x
dxq
xq
fq(xq , µ
2)e2qfγ/q
(
x
xq
, Q21, Q
2
2
)
,
(4)
where the sum runs over all quark and antiquark flavours
and the flux of photons in a quark fγ/q is given by
fγ/q(z) =
α
2π
1 + (1− z)2
2
log
Q21
Q22
, (5)
with Q21 being assumed to be the maximum value of the
momentum transfer in the process and Q22 is assumed to
be equal to 1 GeV2 in order to the parton model to be ap-
plicable. On the other hand, different groups have stud-
ied the modification of the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations for the quark and
gluon distributions by the inclusion of QED contribu-
tions and have performed global parton analysis of deep
inelastic and related hard-scattering data [18–21]. Ba-
sically, the DGLAP equations and the momentum sum
rule are modified considering the presence of the pho-
ton as an additional pointlike parton in the nucleon.
The parametrizations for the photon distribution cur-
rently available in the literature [18, 19] differ in the ap-
proach for the initial condition for the photon distribu-
tion. While the Martin-Ryskin-Stirling-Thorne (MRST)
group assume that γinel(x,Q20) is given by a expression
similar to Eq. (4), the Neural Network Parton Distri-
bution Functions (NNPDF) group parametrize the in-
put photon PDF and attempt to determine the param-
eters from the global data. The preliminary analysis
by the Coordinated Theoretical-Experimental Project on
QCD (CTEQ) group, presented in Ref. [20], assume a
4similar theoretical form for γinel(x,Q20) to that proposed
by the MRST group, but with an arbitrary normalization
parameter, which is expressed as the momentum fraction
carried by the photon. More recently, a distinct approach
for the initial condition for the evolution of the photon
distribution has been introduced in Ref. [21], where the
authors have proposed that the starting distribution for
the photon PDF should be the total photon distribu-
tion, i.e., by the sum of the elastic and inelastic com-
ponents. The main motivation of this approach is the
reduced uncertainty in the input photon PDF, since the
major part of the distribution is given by the elastic com-
ponent, which is well known. As a consequence of this
assumption, the elastic component is dominant also at
large values of the hard scale µ2 (See Fig. 5 in [21]).
Unfortunately, the current data is not sufficient accurate
to precisely determine the initial condition. As a conse-
quence, the current predictions for the inelastic photon
component strongly differ in its x dependence. In what
follows we will consider the MRST2004QED and NNPDF
parametrizations, since only these two are currently avail-
able to public use. In Fig. 2 we present the predictions
of the MRST2004QED and NNPDF parametrizations for
the inelastic photon distribution considering two differ-
ent values for the hard scale µ2. For comparison the pre-
dictions of the naive approach [Eq. (4)] and the elastic
component [Eq. (3)] are also presented. While the elas-
tic component is independent of the hard scale µ2, the
inelastic component is strongly dependent, increasing at
larger values of µ2. Moreover, all models predict that the
inelastic contribution is dominant at very small values of
x and large µ2. However, as demonstrated in the fig-
ure, the x-dependence of the inelastic parametrizations
is very distinct.
In order to estimate the two-photonW+W− and µ+µ−
production in pp collisions we need to specify the cross
section for the hard subprocess γγ → a+a− (a = W,µ).
In what follows we will assume for the production of
muons pairs
σˆγγ→µ+µ−(M
2) =
4πα2em
M2
{
2 ln
[
M2
2mµ
(
1 +
√
1− 4m
2
µ
M2
)](
1 +
4m2µM
2 − 8m4µ
M4
)
−
(
1 +
4m2µM
2
M4
)√
1− 4m
2
µ
M2
}
,
(6)
called the Breit-Wheeler formula, and for the production of W pairs we employ [31]
σˆγγ→W+W−(M
2) =
8πα2em
M2
[(
m2W
M2
+
3
4
+
3M2
m2W
)√
1− 4M
2
m2W
− 3M
2
m2W
(
1− M
2
m2W
)
log
(
1 +
√
1− 4M2/m2W
1−
√
1− 4M2/m2W
)]
.
(7)
III. RESULTS
Initially lets analyse the impact of the different mod-
els for the photon distributions in the effective photon
- photon luminosities. We assume that the centre-of-
mass energy of the γγ system is given by W 2γγ = M
2,
which implies x1 = (Wγγ/
√
s) exp(+Y ) and x2 =
(Wγγ/
√
s) exp(−Y ), and that µ2 = W 2γγ . In Fig. 3 we
assume Y = 0 and present the predictions for the dif-
ferent effective photon - photon luminosities considering
the MRSTQED and NNPDF parametrizations for the in-
elastic photon distributions. Both parametrizations pre-
dict that the inelastic contribution is dominant at large
Wγγ , with the behaviour in the region of small Wγγ be-
ing strongly dependent on the model used. It is verified
in Fig. 4, where we compare the semielastic and inelastic
predictions from the two parametrizations. We have that
the MRSTQED prediction at small Wγγ is ever larger
than the NNPDF one. It is clear that the semielastic
and inelastic contributions are computed in a very dif-
ferent way in both parametrizations, leading to distinct
behaviours of the effective luminosities in all range of
invariant mass. It is important to emphasize the sub-
tle differences in low mass region. The results with the
NNPDF parametrization show a decreasing of the effec-
tive luminosity when Wγγ becomes small, which is not
the case for the MRSTQED parametrization. In order to
estimate the relative contribution of the semielastic pro-
cesses with relation to the elastic one, which is important
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FIG. 3. (Color online) Effective photon - photon luminosity for elastic, semielastic and inelastic processes for two different
center-of-mass energies considering the MRSTQED and NNPDF parametrizations.
if only one proton is tagged in the final state, in Fig. 5
(upper panels) we present the ratio between the sum of
semielastic and elastic effective luminosities and the elas-
tic one. We obtain that the MRSTQED predictions are
almost independent of Wγγ and
√
s for Wγγ > 150 GeV.
In contrast, the NNPDF predictions increases with Wγγ
and decreases with
√
s. A similar behaviour is obtained
for the ratio between the inelastic luminosity and the sum
of the semielastic and elastic ones presented in the lower
panels of Fig. 5.
Lets now estimate the rapidity and invariant mass
dependencies of the cross sections for the µ+µ− and
W+W− production in two-photon interactions. In Fig.
6 (upper panels) we present our predictions for the ra-
pidity distributions for the µ+µ− production consider-
ing the MRSTQED and NNPDF parametrizations, as
well as the prediction for elastic processes. We have
that the MRSTQED and NNPDF predictions for the
rapidity distributions differ significantly. In comparison
to the elastic contribution, we have that the semielas-
tic MRSTQED prediction dominates at central rapidi-
ties and the NNPDF one dominates for large values of
rapidities, with the inelastic contribution being a factor
≈ 4 smaller for Y = 0 at √s = 7 TeV. At √s = 14 TeV
this factor is also approximately 4 and the semielastic
MRSTQED contribution dominates. Such distinct be-
haviours make the analysis of the rapidity distribution
ideal to discriminate between the different models for
the inelastic photon distribution. In Fig.6 (lower pan-
els) we present our predictions for the invariant mass de-
pendencies of the elastic, semielastic and inelastic cross
sections. We have that the behaviour observed for the ef-
fective photon - photon luminosities is directly reflected
in the cross sections, with the NNPDF predictions be-
ing larger than the MRSTQED one for large M . We
have that the elastic contribution is ever smaller than
the semielastic and inelastic contributions, independent
of the model used for the inelastic photon distribution.
In Fig. 7 we present the corresponding distributions for
W+W− production. In this case the shape of the rapidity
distributions predicted by the MRSTQED and NNPDF
parametrizations are similar, differing only in its mag-
nitudes, which are much larger than the prediction for
elastic processes at central rapidities. Such dominance
also is present in the invariant mass distributions.
Finally, in Fig. 8 we present the same ratios presented
in Fig. 5, but now between the different cross sections.
We obtain that these ratios are almost independent of
the final state considered, but strongly dependent on the
inelastic photon distribution. In particular, considering
that a very forward detector is expected to be installed
in a short time in one of the sides of the CMS detector,
the determination of the semielastic contribution should
be feasible. From the Fig. 8 (upper panels) we have
that the ratio between the sum of elastic and semielas-
tic cross section and the elastic one is almost constant
in the MRSTQED case, and strongly increases with M
if the NNPDF parametrization is used as input in the
calculations. Assuming that elastic contribution is well
known, we have that the analysis of this ratio is a direct
probe of the inelastic photon distribution. Another im-
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FIG. 4. (Color online) Comparison between the MRSTQED and NNPDF predictions for effective photon - photon luminosity
for semielastic (left) and inelastic (right) processes. The prediction for elastic processes is presented for comparison.
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portant aspect which is distinct in the MRSTQED and
NNPDF predictions, is the relative contribution of the
inelastic processes show in Fig. 8 (lower panels), which
is predicted to be almost constant in the MRSTQED
case, but increases with M in the NNPDF case. Conse-
quently, the predictions in the region of large invariant
masses, where New Physics is expected to be present, are
strongly dependent on the inelastic photon parametriza-
tion. In the low-mass region, the predictions are closer.
However, in the region of the WW threshold (M ≈ 160
GeV), the relative difference at 7 (14) TeV between the
MRSTQED and NNPDF predictions is about 2 (16) %
for the first ratio and about 47 (37) % for the second ra-
tio. Therefore, we also have at small invariant masses a
non-negligible theoretical uncertainty, directly associated
to the description of the photon distribution.
IV. SUMMARY
In this paper we have investigated the contribution of
inelastic, semielastic and elastic processes for theW+W−
and µ+µ− production by two-photon interactions in pp
collisions considering different models for the inelastic
photon distribution. We demonstrated that these dis-
tinct models implies very distinct behaviours for the ef-
fective photon - photon luminosities and differential cross
sections. It implies that the use of the two-photon par-
ticle production mechanism to search rare events will be
not a easy task before the determination of the correct
description of the inelastic photon distribution. In par-
ticular, since in a first moment only one of the very for-
ward detectors of CT-PPS will be installed, which would
not eliminate the semielastic processes. Our results in-
dicate that the analysis of the rapidity distribution for
µ+µ− production can be a discriminator among the pos-
sible models for the photon distribution. In particular,
the determination of the distribution for central rapidi-
ties already differentiate the distinct models. Moreover,
the analysis of the invariant mass dependence of the ratio
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FIG. 6. Rapidity and invariant mass distributions for the µ+µ− production considering the MRSTQED and NNPDF
parametrizations. The prediction for elastic processes is presented for comparison.
between the sum of semielastic and elastic cross sections
and the elastic one also can be used to determinate the
inelastic photon distribution. Finally, we believe that
the analyses carried out with the data of the two-photon
production of pairs, in conjunction with the exclusive
vector meson production discussed in Ref. [22], will al-
low us to precisely determine the adequate description of
the photon distribution, which still is an important open
question in High Energy Physics.
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